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ABSTRACT
We describe a novel assay capable of accurately
determining the length of short tandem repeat
(STR) alleles. STR genotyping is achieved utilizing
RecA-mediated ligation (RML), which combines the
high fidelity of RecA-mediated homology searching
with allele-specific ligation. RecA catalyzes the
pairing of synthetic oligonucleotides with one
strand of a double-stranded DNA target, in this
case a PCR amplicon. Ligation occurs only when
two adjacent oligonucleotides are base paired to
the STR region without any overlap or gap. RecA
activity is required to overcome the inherent diffi-
culty of annealing repeated sequences in register.
This assay is capable of determining STR genotypes
of human samples, is easily adapted to high
throughput or automated systems and can have
widespread utility in diagnostic and forensic
applications.
INTRODUCTION
Tandem repeat sequences are found in the genomes of all
higher eukaryotes. Upon local melting, regions of tandem
repeat sequences are frequently able to form relatively
stable secondary structures (e.g. cruciforms and slippage
structures) (1). Such structures may serve as targets for
nucleases (2–5) or other DNA-speciﬁc enzymes (6,7) and
be sources of polymerase errors during replication, leading
to expansion or contraction of the repeat region.
Consequently, regions of tandem repeats typically
exhibit substantial genetic instability (8,9), leading to her-
itable polymorphisms, genetic predisposition to disease
and overt disease (10). One class of short tandem repeats
(STRs), the microsatellites, contains repeat units of
1–4 bases and occurs in human DNA approximately
once every 20000nt (11). The highly polymorphic nature
of microsatellites makes them ideal markers for genetic
mapping of speciﬁc loci or for distinguishing individual
genomes (i.e. identity and paternity testing). In addition,
they are used in medical applications, including identiﬁca-
tion of fetal cells in maternal blood (12) and monitoring of
allogeneic bone marrow transplants (13).
A select group of STRs with a base repeat unit of 4nt is
used for forensic identiﬁcation. In 1997, the FBI
announced the selection of 13 STR loci to constitute the
core of the US national database, the Combined DNA
Index System or CODIS (14). Since then various commer-
cial kits have been developed for STR genotyping.
Depending on the number of STRs used, the discrimin-
ation power of the kits can range between 1:410 (3 STRs;
Promega, released 1993) and 1:1.8 10
17 (16 STRs;
Promega PowerPlex 2.1). The CODIS system has also
been adopted in many other countries, albeit with small
variations in the number and type of STRs to match their
needs based on the size and ethnic composition of their
population.
Since a multiplex polymerase chain reaction (PCR) is
used to amplify the chromosomal regions of interest (15),
STR proﬁles can be determined with very small amounts
of DNA. However, determination of the exact number of
repeat units for each STR in the resulting PCR products
requires their separation and accurate sizing. Traditionally
this has been achieved by slab gel electrophoresis (16) or
capillary electrophoresis (17,18). Capillary electrophoresis
can be performed in microfabricated channels (19–21) or
capillary arrays (22,23). More recently methods utilizing
mass spectrometry (24) and microarray technology (25,26)
have been developed in an attempt to reduce the time for
analysis and/or to increase throughput.
We have developed a method of STR genotyping,
RecA-mediated ligation (RML) that does not require the
use of gel electrophoresis and which can be performed in
less than three hours. RML combines oligonucleotide
ligation with RecA-mediated homology searching. In con-
ventional oligonucleotide ligation assays (OLA), two
oligonucleotides are annealed to a single-stranded test
DNA such that the 50 end of one oligonucleotide
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tide. If the adjacent ends are properly base paired and
there is no overlap or gap between them, DNA ligase
can act to covalently join the two oligonucleotides. OLA
has been employed in SNP genotyping (27,28).
RecA, a bacterial recombinase, has been identiﬁed and
most thoroughly characterized in Escherichia coli as the
key player in the process of genetic recombination. It plays
a crucial role in the search for and recognition of sequence
homology and in the initial strand exchange process (29),
and can be employed to catalyze strand exchange in vitro.
Recombination is initiated when multiple RecA molecules
coat a stretch of single-stranded DNA to form what is
known as a RecA ﬁlament. In the presence of ATP, this
protein–DNA complex searches double-stranded DNA
for sequences homologous to the single-stranded oligo-
nucleotide in the RecA ﬁlament. When homology is
located, a three-stranded (D-loop) structure is formed
wherein the RecA ﬁlament DNA is paired with the com-
plementary strand of the duplex.
The precision of RecA-mediated homology searching
and sequence alignment combined with the fact that this
process requires a considerable stretch of homology [at
least 30 bases in vivo (30)] allows RML to be used for
genotyping of STR sequences, provided that non-repeat
ﬂanking sequences are included to insure proper
alignment.
RecA-mediated ligation of short tandem repeats
(RML-STR) (Figure 1) utilizes a set of allele-speciﬁc
oligonucleotides for each STR sequence, each of which
contains a different number of repeat sequences in
addition to a stretch of sequence outside the repeat
region. RecA-mediated homology searching uses this
ﬂanking sequence to align the oligonucleotide properly
in a D-loop on the target DNA. A universal oligonucleo-
tide containing a ﬁxed number of repeat units and a
ﬂanking sequence from the opposite side of the repeat
region will ligate only to that allele-speciﬁc oligonucleotide
which forms a perfect ligation pair with the universal
oligonucleotide, i.e. a D-loop containing the universal
oligonucleotide and an allele-speciﬁc oligonucleotide
aligned on the target DNA without overlap or gap. This
system has been used to genotype the TPOX (human
thyroid peroxidase gene) locus accurately from a number
of samples. In the experiments described here,
allele-speciﬁc oligonucleotides contained a terminal ‘zip
code’ sequence at the 30 end to allow them to be hybridized
to capture oligonucleotides in separate spots on a micro-
array, and universal oligonucleotides were labeled to allow
speciﬁc detection of RML ligation products.
MATERIALS AND METHODS
Oligonucleotides and chemicals
STR sequence data were obtained from the FBI Core
CODIS loci website: (http://www.cstl.nist.gov/div831/str-
base/fbicore.htm). The TPOX STR, located at intron 10
of the human thyroid peroxidase gene, was chosen for this
study. Oligonucleotides were obtained from Integrated
DNA Technologies (Coralville, IA) and were PAGE
puriﬁed. The universal oligonucleotides contained (from
30 to 50) ﬁve tetranucleotide repeat units, 40 bases of
sequence complementary to the sequence 30 of the STR
Figure 1. Rec A-mediated ligation genotyping of short tandem repeats.
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nucleotide contained a unique 25mer immobilization
sequence at its 30 end and a sequence complementary to
the region on the 50-side of the STR repeat, in addition to
between 0 and 9 tetranucleotide repeats and a 50 phos-
phate group. Capture oligonucleotides were complemen-
tary to the immobilization sequence on the repeat speciﬁc
oligonucleotides and were 50 amine-labeled to allow im-
mobilization to microarray slides. Immobilization se-
quences were provided by Nanosphere Inc. All chemicals
were from Sigma unless otherwise speciﬁed. Molecular
biology grade water was purchased from Fisher and was
used for all RML and PCR reactions. Deionized water
was used to make all other buffers.
PCR
Random human DNA samples were ampliﬁed in 50ml
reactions, 10ml5   Mix#4 buffer (Gene Check Inc.),
0.5mM dNTPs (Bioline), 50ng each of TPOX forward
and reverse primers, 0.25 units Taq polymerase (Gene
Check Inc.) and 75-ng genomic DNA. PCR was per-
formed in Techne TC-512 thermocyclers under the follow-
ing conditions: (i) 94 C for 3min, (ii) 10 cycles of 94 C for
30s, 66 C for 25s and 72 C for 30s, (iii) 20 cycles of 90 C
for 30s, 66 C for 25s and 72 C for 30s (iv) 66 C for 5min
and (v) held at 4 C.
We have also shown successful genotyping using target
ampliﬁed with the KAPA Blood PCR Kit (KAPA
Biosystems, Woburn, MA). This enabled PCR using 1ul
of whole blood and allowed deletion of the DNA extrac-
tion step from the standard protocol.
RML
A1 0 ml reaction containing 50mM Tris pH 7.5, 5mM
DTT, 1mM MgCl2, 5mM spermidine–acetate, 6.6mM
creatine phosphate (USB), 0.4 units creatine kinase
(Roche), 2.8mM ATP, 4nM each repeat speciﬁc oligo-
nucleotide, 40nM universal oligonucleotide and 3.4mM
RecAE38K (Gene Check Inc.) was incubated at 37 C
for 15min to coat the oligonucleotides with RecA. After
addition of PCR-ampliﬁed TPOX sequences and 0.5 units
of T4 ligase, incubation was continued at 37 C for 30min
before stopping the reaction with 10ml of 0.5M EDTA,
0.1% Triton X-100.
Microarray detection method
RML reactions were diluted 1:2 by volume with 1  TBST
+ 0.5% casein and added to individual subarrays on a
microarray slide and incubated at 50 C for 30min to
allow hybridization of ligation products to capture oligo-
nucleotides immobilized to the microarray surface.
Following 1  TBST wash, streptavidin-HRP (2mg/ml)
was added and incubated at room temperature (RT) for
10min. Slides were washed, followed by addition of
tyramide-Cy3 (1:50 in ampliﬁcation diluent, Perkin
Elmer) and continued incubation at room temperature
for 10min. Slides were washed, centrifuged to dry, and
scanned for Cy3 ﬂuorescence (Perkin Elmer
ScanExpress). Data presented are averages of duplicate
array spots measured for median signal intensity minus
background.
All genotypes were conﬁrmed by sequencing.
RESULTS AND DISCUSSION
STR (TPOX) genotyping via RML-STR
TPOX regions were ampliﬁed from human genomic DNA
samples using primers to produce 240 base amplicons
from the most common allele (eight repeats). The
amplicons were mixed with RML oligonucleotides—
eight allele-speciﬁc oligonucleotides containing from 1 to
8 repeat units and a universal oligonucleotide containing
ﬁve repeat units. In this system the allele-speciﬁc oligo-
nucleotides are speciﬁc for STR alleles containing ﬁve
more repeats than the allele-speciﬁc oligonucleotide, for
example, the three repeat unit allele-speciﬁc oligonucleo-
tide is speciﬁc for an eight repeat allele, i.e. the ﬁve
repeat-containing universal oligonucleotide and the three
repeat allele-speciﬁc oligonucleotide will pair perfectly
with eight repeat-containing target DNA.
Results of TPOX genotyping via RML-STR are pre-
sented in Figure 2. Clearly, RML-STR effectively geno-
types the TPOX STR on a microarray platform. Although
signal intensities vary somewhat, which may be a reﬂec-
tion of sample quality and/or PCR efﬁciency, the signals
all exceed background by at least a factor of two and
genotype calls are unambiguous. The signals are RecA
dependent (Figure 3), indicating that they are not
generated by ligation of RML oligonucleotides annealed
to single strands remaining in the amplicons.
Presumably all oligonucleotides in an RML-STR
reaction have nearly equal probabilities of forming
D-loops. However, D-loops, at least those formed by
single or pairs of unligated oligonucleotides, must be
unstable. If such D-loops were stable, incorrect pairs
could be immobilized as a consequence of being in a
single D-loop and could, thereby, generate signal inde-
pendent of ligation.
RML accomplishes homology searching, pairing and
ligation without denaturation of the target DNA. Using
double-stranded DNA effectively reduces the complexity
of the RML reaction, relative to hybridization-based
assays, and likely increases the sensitivity and utility of
the RML reaction. RML-STR has been directly
compared with a single-cycle OLA, which requires de-
naturation of the target DNA in the presence of potential
ligation partners, hybridization of the oligonucleotides to
the target and subsequent ligation (Figure 4).
Allele-speciﬁc signals are, as expected, obtained with
RML-STR. Very low and non-speciﬁc signal is obtained
with OLA. The highest OLA signals are not genotype
speciﬁc, but rather involve the shortest allele-speciﬁc
oligonucleotides, suggesting that the universal oligo-
nucleotide may be ligating to these allele-speciﬁc oligo-
nucleotides by virtue of hybridization alignment
dependent only on the repeat portion of the oligonucleo-
tide. In contrast, RecA-mediated homology searching
allows RML-STR to achieve correct alignment dependent
on the ﬂanking non-repeat sequences.
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Earlier work with RML in solution generally established
that longer oligonucleotides perform better in RML than
shorter oligonucleotides (data not shown). This may be a
consequence of homology searching improving with
increasing length of homology, which clearly appears to
be true for oligonucleotides of less than around 40nt.
However, it may also be that once a critical length for
homology searching is achieved, increased oligonucleotide
length simply increases the likelihood of RecA ﬁlament
formation. The rate limiting step in RecA ﬁlament forma-
tion is the nucleation step, i.e. binding of the ﬁrst RecA
monomer to a single-stranded DNA molecule. Once nu-
cleation occurs, ﬁlament formation proceeds rapidly in a
50–30 direction. Therefore, it may be that longer oligo-
nucleotides favor nucleation by providing a larger target
and, assuming nucleation is random with respect to
location on the oligonucleotide, they would also increase
the likelihood of forming sufﬁcient extent of ﬁlament to
institute successful homology searching. We attempted to
distinguish these possibilities by examining three different
universal oligonucleotides using an in solution assay. We
tested a 60-base universal oligonucleotide fully comple-
mentary to the target DNA and two 85-base universal
oligonucleotides, one fully complementary to the target
DNA and one with 60 bases complementary to the
target and a 25-base non-complementary ‘tail’. The fully
homologous 85-base oligonucleotide outperformed both
other universal oligonucleotides (Figure 5). This result
suggests that even better RML-STR genotyping than
that reported above may be possible with longer RML
oligonucleotides (the universal oligonucleotide in the ex-
periments with immobilized allele-speciﬁc oligonucleotides
was only 50 bases long).
Universal oligonucleotide length
A series of universal oligonucleotides containing various
numbers of repeat units was tested. We found that
Figure 2. Genotyping of TPOX STR by RML-STR. Reaction performed as described in ‘Materials and Methods’ section. Seven random human
DNA samples are shown to be accurately genotyped for the STR polymorphism at the human TPOX locus. Genotypes were conﬁrmed by
sequencing (data not shown).
Figure 3. RML-STR is RecA dependent. Reaction performed as
described in ‘Materials and Methods’ section except RecA storage
buffer replaced RecA in ( ) RecA condition.
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containing from 1 to 8 repeat units (Figure 6). It should
be noted that, when using the single repeat universal oligo-
nucleotide, it was not possible to detect the 12 repeat
allele, as we had no 11 repeat allele-speciﬁc oligonucleo-
tide in the mix. Universal oligonucleotides containing
from three to ﬁve repeats appear to work almost equally
well (the universal oligonucleotide used in most
Figure 4. Genotyping of the TPOX STR by the OLA and RML-STR. For OLA conditions: allele-speciﬁc oligonucleotide mix (as described in
‘Materials and Methods’ section) and 40nM universal oligo were mixed with PCR-ampliﬁed TPOX sequence and heated to 90 C for 4min and
slowly cooled to 37 C. T4 ligase (or T4 ligase storage buffer) and ATP were added and incubation continued at 37 C for 30min before stopping the
reaction with 0.5M EDTA/0.1% Triton X-100. RML reaction used same oligonucleotide mix as used for OLA conditions. Reaction conditions and
microarray detection method were as described in ‘Materials and Methods’ section.
Figure 5. Effect of universal oligonucleotide length on signal intensity. Each reaction included allele-speciﬁc oligonucleotides with 0–9 repeat units at
4nM each and a 50 biotin-labeled universal oligonucleotide with eight repeat units (either 60 or 85nt in length) at 40nM. Reaction conditions and
microarray detection method were as described in ‘Materials and Methods’ section.
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have no good explanation for the very poor signal
obtained with the six repeat universal oligonucleotide—it
may simply have been a bad oligonucleotide preparation.
Maximum STR length
Because the ligation partner oligonucleotides used in
RML-STR must span the entire length of the repeat
region in an STR, there must be an upper STR length
limit for successful STR genotyping. In other words, if
the repeat region is too long, RecA ﬁlaments will be able
to align with it independent of the ﬂanking sequence,
which will make accurate genotyping impossible. Results
obtained with an 11 repeat universal oligonucleotide
suggest that the maximum repeat length that can be
accurately genotyped may be around 80nt (20 repeats in
the case of TPOX). When the 11 repeat universal oligo-
nucleotide was used to genotype a 9,11 heterozygote,
the 11 repeat genotype was easily detected (Figure 7).
(The nine repeat allele could not be detected since it is
smaller than the universal oligonucleotide.) However,
when the same universal oligonucleotide was used to
genotype an 8,12 heterozygote, both the 11 and
12 allele-speciﬁc oligonucleotides could ligate to the uni-
versal oligonucleotide. It may be that, when there are
44 bases of repeat sequence available for RecA to use in
homology searching, i.e. in the ﬁlament oligonucleotide,
the RecA ﬁlament can align without regard to the ﬂanking
sequence. The fact that the 12 repeat speciﬁc
oligonucleotide did not ligate to the universal oligonucleo-
tide with the 9,11 homozygote suggests that 40 bases of
repeat sequence are not sufﬁcient to align without the
ﬂanking sequence.
It may be possible to genotype STRs with more repeats
by increasing the ratio of ﬂanking sequence to repeat
sequence in either universal or allele-speciﬁc oligonucleo-
tides. Current oligonucleotide manufacturing technology
does not allow high-yield production of oligonucleotides
longer than  100nt, although advances in technology
may make such oligonucleotides practical and affordable.
However, it may be that the intrinsic properties of the
RecA protein create an absolute limit to the amount of
repeat sequence that can be included in either the universal
or allele-speciﬁc oligonucleotides before alignment can be
determined by the repeat sequences rather than the
ﬂanking sequences. If so, it may still be possible to
genotype STRs with longer repeat regions by using three
oligonucleotides and two ligation events. In such a system,
there would be two universal oligonucleotides: (i) a labeled
oligonucleotide containing a relatively low number of
repeats and sufﬁcient ﬂanking sequence to assure align-
ment and (ii) a ‘bridging’ oligonucleotide containing
only repeat sequence. Allele-speciﬁc oligonucleotides
used in this system would need to be designed such that
they could be ligated to the labeled universal only via the
bridging oligonucleotide. For example, a 30 repeat STR
might be genotyped using a 15 repeat allele-speciﬁc oligo-
nucleotide, a ﬁve repeat labeled universal oligonucleotide
Figure 6. TPOX STR genotyping by RML with 50 biotin-labeled universal oligonucleotides containing 1–8 units of the tetranucleotide repeat
sequence. Each reaction included one of the biotin-labeled universal oligonucleotides (all 60nt in length) at 40nM. Reaction conditions and
microarray detection method were as described in ‘Materials and Methods’ section.
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with more repeats would produce a hybridization
product with a gap somewhere between the three oligo-
nucleotides and target DNA with fewer repeats would
produce a hybridization product with an overlap of the
oligonucleotides. Neither structure would allow the two
ligation events necessary for genotyping.
RML-STR assay speed
In order for an STR genotyping method to meet the
demonstrated market need for rapid sample turnaround,
it must be simple, i.e. involve few steps, and avoid long
assay or hybridization times. In order to shorten assay
times for RML-STR from PCR amplicons, we have
adopted the KAPA Blood PCR system (KAPA
Biosystems, Woburn, MA), which allows small blood
samples (1ml in our hands) to be used directly in PCR,
avoiding the need for a separate extraction step (Figure 8).
Use of KAPA has allowed us to reduce total assay to 3h
(Figure 9).
RML-STR using multiplexed PCR amplicon target
For RML-STR to be useful for human forensic, parentage
and identity testing requires its application to genotyping
of multiple STR loci. Based on our current estimates of
maximum repeat length that can be genotyped by
RML-STR, it appears that there are at least six additional
CODIS loci that have repeat lengths appropriate to suc-
cessful RML-STR genotyping. They are CSF1PO, TH01,
D5S818, D8S1179, D13S317 and D16S539, all of which
have fewer than 20 repeat units in their longest allele. This
panel will have a random match probability for the most
common genotype of <1 in 1.25 10
5. All seven loci
(TPOX + six other CODIS loci) were ampliﬁed together
in a multiplexed PCR reaction. Using this PCR reaction as
target for TPOX RML-STR provided accurate genotypes
as shown in Figure 10. However, the conditions employed
appear not to be optimal as signal levels were lower than
when TPOX-only PCR was used as target.
Immobilized allele-speciﬁc oligonucleotides in RML-STR
As shown in Figure 10, some depression of RML-STR
signal was observed when using multiplexed PCR
generated amplicons as target. Although genotyping was
clearly possible and we believe that these signals could be
improved with additional optimization, there is concern
that the complexity of an in solution multiplexed
RML-STR reaction (including more than 130 RML oligo-
nucleotides for the seven CODIS STR panel) might be
difﬁcult to manage. The results of experiments mimicking
multiplexed RML-STR by adding to the reaction mix
additional RML oligonucleotides not complementary to
Figure 7. Maximum STR length that can be genotyped by RML-STR. Each reaction included a 50 biotin-labeled universal oligonucleotide with 11
repeat units (85nt in length) at 40nM. Reaction conditions and microarray detection method were as described in ‘Materials and Methods’ section.
PAGE 7 OF 11 Nucleic Acids Research, 2010,Vol.38, No. 17 e172Figure 8. Genotyping of TPOX STR locus by RML-STR using KAPA PCR as target. TPOX sequences were ampliﬁed using 1.0ml of whole blood
in the KAPA Biosystems Blood PCR Kit. After PCR, the reaction was centrifuged and 4ml of supernatant was used as target in standard RML-STR
reaction. Reaction conditions and microarray detection method are as described in ‘Materials and Methods’ section.
Figure 10. RML-STR using multiplexed PCR amplicon as target. TPOX STR sequence was ampliﬁed in a multiplexed PCR with six additional
primer pairs, speciﬁc for the other CODIS loci listed in the text. Successful ampliﬁcation of all loci was conﬁrmed by PAGE. Four micro liter of
PCR reaction was used as target. Reaction conditions and microarray detection method were as described in ‘Materials and Methods’ section.
Figure 9. Timeline of RML-STR.
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One way to reduce oligonucleotide complexity is to immo-
bilize the allele-speciﬁc oligonucleotides to individual
microarray spots. Such immobilization would require
only that the universal oligonucleotides (one per STR)
be in solution and effectively create spatially separate re-
actions for each ligation pair in the RML reaction.
Preliminary attempts at performing RML with
immobilized oligonucleotides have been successful
(Figure 12).
In order for a STR genotyping assay to have widespread
utility it must accurately genotype a sufﬁcient number of
STR sequences to allow statistically signiﬁcant discrimin-
ation power. The ability of the system to use
double-stranded DNA target sequences coupled with the
high ﬁdelity of RecA-mediated homology searching
should allow RML-STR to be easily adapted to simultan-
eous genotyping multiple STR sequences. It may even be
possible to genotype directly from genomic DNA. The
only limit to multiplexing RML-STR assays should be
the number repeat units in an STR region. Some alleles
of STR regions contain incomplete repeat units or single
base insertions or deletions in individual repeat units.
With the possible exception of those variants for which
two alleles are of identical length and differ only by a
single nucleotide substitution, it should be possible to
genotype such alleles with RML-STR simply by including
an oligonucleotide that contains the variant sequence.
The RecA-based STR genotyping method described
here is simple, robust and rapid, does not require gel elec-
trophoresis and is readily amenable to automation. The
system should have widespread utility in research, forensic
and diagnostic applications.
ACKNOWLEDGEMENTS
The authors would like to thank Steven Middleton for
help with the ﬁgures, Miroslav Radman for critical
reading of the manuscript and the laboratory of Michael
Cox for providing us with a plasmid for the manufacture
of RecA (E38K).
Figure 11. Effect of added oligonucleotides on RML-STR. Added oligonucleotides were 50 phosphate 85mers and a 50 biotin 60mer with non-speciﬁc
sequences and were added to be at equal concentration to the TPOX oligonucleotides. Reaction conditions and microarray detection method were as
described in ‘Materials and Methods’ section.
PAGE 9 OF 11 Nucleic Acids Research, 2010,Vol.38, No. 17 e172FUNDING
National Institutes of Health Small Business Innovation
Research grant number 1R43HG004679-01 from the
National Human Genome Research Institute. Funding
for open access charge: Gene Check, Inc.
Conﬂict of interest statement. None declared.
REFERENCES
1. Wells,R.D., Goodman,T.C., Hillen,W., Horn,G.T., Klein,R.D.,
Larson,J.E., Mu ¨ ller,U.R., Neuendorf,S.K., Panayotatos,N. and
Stirdivant,S.M. (1980) DNA structure and gene regulation.
Prog. Nucleic Acid Res. Mol. Biol., 24, 167–267.
2. Williams,W.L. and Mu ¨ ller,U.R. (1987) Effects of palindrome size
and sequence on genetic stability in the bacteriophage phi X174
genome. J. Mol. Biol., 196, 743–755.
3. Mu ¨ ller,U.R., Perkins,B.K. and Williams,W.L. (1988) Effects of
palindromes on in vivo DNA replication and mutagenesis in
bacteriophage phi X174 RF DNA. Nucleic Acids Res., 16,
10733–10750.
4. Mu ¨ ller,U.R. and Wilson,C.L. (1987) The effect of supercoil and
temperature on the recognition of palindromic and
non-palindromic regions in phi X174 replicative form DNA by S1
and Bal31. J. Biol. Chem., 262, 3730–3738.
5. Mu ¨ ller,U.R. and Turnage,M.A. (1986) Insertions of palindromic
DNA sequences into the J-F intercistronic region of
bacteriophage phi X174 interfere with normal phage growth.
J. Mol. Biol., 189, 285–292.
6. Zahra,R., Blackwood,J.K., Sales,J. and Leach,D.R. (2007)
Proofreading and secondary structure processing determine the
orientation dependence of CAG{middle dot}CTG trinucleotide
repeat instability in Escherichia coli. Genetics, 176, 27–41.
7. Goldﬂess,S.J., Morag,A.S., Belisle,K.A., Sutera,V.A. Jr. and
Lovett,S.T. (2006) DNA repeat rearrangements mediated by
DnaK-dependent replication fork repair. Mol. Cell, 21, 595–604.
8. Wang,G. and Vasquez,K.M. (2006) Non-B DNA
structure-induced genetic instability. Mutat. Res., 598, 103–119.
9. Bichara,M., Wagner,J. and Lambert,I.B. (2006)
Mechanisms of tandem repeat instability in bacteria. Mutat Res.,
598, 144–163.
10. Rubinstein,D.C. and Hayden,M.R.E. (1998) Analysis of Triplet
Repeat Disorders. BIOS Scientiﬁc Publishers, Oxford, Washington,
DC.
11. Edwards,A., Civitello,A., Hammond,H.A. and Caskey,C.T. (1991)
DNA typing and genetic mapping with trimeric and tetrameric
tandem repeats. Am. J. Hum. Genet., 49, 746–756.
12. Saker,A., Benachi,A., Bonnefont,J.P., Munnich,A., Dumez,Y.,
Lacour,B. and Paterlini-Brechot,P. (2006) Genetic characterization
of circulating fetal cells allows non-invasive prenatal diagnosis of
cystic ﬁbrosis. Prenat. Diagn., 26, 906–916.
13. Fundia,A.F., De Brasi,C. and Larripa,I. (2004) Feasibility of a
cost-effective approach to evaluate short tandem repeat markers
suitable for chimerism follow-up. Mol. Diagn, 8, 87–91.
14. Budowle,B. and Moretti,T.R. (1999) Genotype proﬁles for six
population groups at the 13 CODIS short tandem repeat
core loci and other PCR based loci. Forensic Sci. Commun., 1,
http://www.fbi.gov/hq/lab/fsc/backissu/july1999/budowle.htm.
Figure 12. Immobilized allele-speciﬁc oligonucleotides in RML-STR. 50 Amine-labeled, allele-speciﬁc oligos were immobilized to the microarray
surface. Universal oligo (80nM) (50 P, 30 biolabeled) and 4.5mM RecA were added to the subarray and incubated at 37 C for 15min to allow
ﬁlament formation. After addition of PCR-ampliﬁed TPOX sequences and T4 ligase, incubation continued at 37 C for 60min. Reaction was stopped
by washing slide with 0.5M NaOH. Signal development using TSA-Cy3 was as described in ‘Materials and Methods’ section.
e172 Nucleic Acids Research, 2010,Vol.38, No. 17 PAGE 10 OF 1115. Butler,J.M. (2005) Constructing STR multiplex assays.
Methods Mol. Biol., 297, 53–66.
16. Kimpton,C.P., Gill,P., Walton,A., Urquhart,A., Millican,E.S. and
Adams,M. (1993) Automated DNA proﬁling employing multiplex
ampliﬁcation of short tandem repeat loci. PCR Methods Appl., 3,
13–22.
17. Butler,J.M., McCord,B.R., Jung,J.M., Lee,J.A., Budowle,B. and
Allen,R.O. (1995) Application of dual internal standards for
precise sizing of polymerase chain reaction products using
capillary electrophoresis. Electrophoresis, 16, 974–980.
18. Lazaruk,K., Walsh,P.S., Oaks,F., Gilbert,D., Rosenblum,B.B.,
Menchen,S., Scheibler,D., Wenz,H.M., Holt,C. and Wallin,J.
(1998) Genotyping of forensic short tandem repeat (STR) systems
based on sizing precision in a capillary electrophoresis instrument.
Electrophoresis, 19, 86–93.
19. Schmalzing,D., Koutny,L., Adourian,A., Belgrader,P.,
Matsudaira,P. and Ehrich,D. (1997) DNA typing in thirty
seconds with a microfabricated device. Proc. Natl Acad. Sci.
USA, 94, 10273–10278.
20. Goedecke,N., McKenna,B., El-Difrawy,S., Gismondi,E.,
Swenson,A., Carey,L., Matsudaira,P. and Ehrlich,D.J. (2006)
Microdevice DNA forensics by the simple tandem repeat method.
J. Chromatogr. A, 1111, 206–213.
21. Goedecke,N., McKenna,B., El-Difrawy,S., Carey,L.,
Matsudaira,P. and Ehrlich,D. (2004) A high-performance
multilane microdevice system designed for the DNA forensics
laboratory. Electrophoresis, 25, 1678–1686.
22. Wang,Y., Wallin,J.M., Ju,J., Sensabaugh,G.F. and Mathies,R.A.
(1996) High-resolution capillary array electrophoretic sizing of
multiplexed short tandem repeat loci using energy-transfer
ﬂuorescent primers. Electrophoresis, 17, 1485–1490.
23. Gao,Q., Pang,H.M. and Yeung,E.S. (1999) Simultaneous
genetic typing from multiple short tandem repeat loci using a
96-capillary array electrophoresis system. Electrophoresis, 20,
1518–1526.
24. Butler,J.M., Li,J., Shaler,T.A., Monforte,J.A. and Becker,C.H.
(1999) Reliable genotyping of short tandem repeat loci without an
allelic ladder using time-of-ﬂight mass spectrometry. Int. J. Legal
Med., 112, 45–49.
25. Sosnowski,R., Heller,M.J., Tu,E., Forster,A.H. and Radtkey,R.
(2002) Active microelectronic array system for DNA
hybridization, genotyping and pharmacogenomic applications.
Psychiatr Genet., 12, 181–192.
26. Pourmand,N., Caramuta,S., Villablanca,A., Mori,S.,
Karhanek,M., Wang,S.X. and Davis,R.W. (2007) Branch
migration displacement assay with automated heuristic analysis
for discrete DNA length measurement using DNA microarrays.
Proc. Natl Acad. Sci. USA, 104, 6146–6151.
27. Landegren,U., Kaiser,R., Sanders,J. and Hood,L. (1988)
A ligase-mediated gene detection technique. Science, 241,
1077–1080.
28. Landegren,U., Samiotaki,M., Nilsson,M., Malmgren,H. and
Kwiatkowski,M. (1996) Detecting genes with ligases. Methods, 9,
84–90.
29. Bianco,P.R., Tracy,R.B. and Kowalczykowski,S.C. (1998) DNA
strand exchange proteins: a biochemical and physical comparison.
Frontiers Biosci., 3, 570–603.
30. Shen,P. and Huang,H. (1989) Effect of base pair mismatches on
recombination via the RecBCD pathway. Mol. Gen. Genet., 218,
358–360.
PAGE 11 OF 11 Nucleic Acids Research, 2010,Vol.38, No. 17 e172